Fructose 1,6-bisphosphate aldolase catalyzes the reversible cleavage of fructose 1,6-bisphosphate and fructose 1-phosphate to dihydroxyacetone phosphate and either glyceraldehyde 3-phosphate or glyceraldehyde, respectively. Catalysis involves the formation of a Schiff's base intermediate formed at the E-amino group of Lys229. The existing apo-enzyme structure was refined using the crystallographic free-R-factor and maximum likelihood methods that have been shown to give improved structural results that are less subject to model bias. Crystals were also soaked with the natural substrate~fructose 1,6-bisphosphate!, and the crystal structure of this complex has been determined to 2.8 Å. The apo structure differs from the previous Brookhaven-deposited structure~1ald! in the flexible C-terminal region. This is also the region where the native and complex structures exhibit differences. The conformational changes between native and complex structure are not large, but the observed complex does not involve the full formation of the Schiff's base intermediate, and suggests a preliminary hydrogen-bonded Michaelis complex before the formation of the covalent complex.
Fructose 1,6-bisphosphate aldolase~FBP aldolase! is an enzyme of the glycolytic pathway that catalyzes the reversible cleavage of fructose 1,6-bisphosphate and fructose 1-phosphate to dihydroxyacetone phosphate and either glyceraldehyde 3-phosphate or glyceraldehyde, respectively~Rutter, 1964!.
The FBP aldolases form a subgroup of the larger lyase group of enzymes-the aldolases. The aldolases can be divided into two classes of enzyme, depending on the method of enzyme catalysis. The type I enzymes have a mechanism that involves the formation of a covalent Schiff's base intermediate between the sugar and the enzyme. The type II enzymes are metal-containing enzymes where the substrate is coordinated to a divalent metal cation such as magnesium or ferric iron~Morse & Horecker, 1968!.
Type I FBP aldolase is principally found in eukaryotes, with the type II form being the predominant form in bacteria and archaea, but both forms have been found in all three kingdoms, and some organisms possess enzymes of both types~Marsh & Lebherz, 1992!.
Mammalian FBP aldolases can further be subdivided into tissuespecific isozymes, which have different substrate specificity. The A isozyme is present in muscle tissue and erythrocytes, and has a higher substrate specificity for fructose 1,6-bisphosphate over fructose 1-phosphate. The B isozyme is found in the liver and reacts with both substrates without preference. This is possibly an indication of the enzymes role in the liver being gluconeogenesis rather than glycolysis. The third~C! isozyme is found in the brain, and is similar to the A isozyme~Penhoet et al., 1966, 1969!. The structures of the type I FBP aldolases from human muscle, rabbit muscle, and Drosophila melanogaster have all been determined~Sygusch et al., 1987; Gamblin et al., 1991; Hester et al., 1991 !. The first type II aldolase structure to be determined was not an FBP aldolase but of l-fuculose-1,5-bisphosphate aldolase. This did not have the same topology as the type I FBP aldolase structures, and so it was believed that the type I and type II aldolase enzymes might be distinguished by the fold that they adopt~Dreyer & Schultz, 1996!. The subsequent determination of the structure of the type II FBP aldolase from Escherichia coli has shown that this enzyme has the same eight-stranded alpha0beta barrel topology as the type I FBP aldolases~Blom et al., 1996; Cooper et al., 1996 !. This is also the topology of the type I aldolase, transaldolasẽ Jia et al., 1996!. A sequence alignment of the l-fuculose-1,5-bisphosphate aldolase with l-ribulose-5-phosphate 4-epimerase has shown a high degree of identity within the N-terminal region of the enzymes~Dreyer & Schultz, 1996!. This would suggest that these enzymes are related and that the l-fuculose enzyme is distinct from the other aldolase enzymes that may have evolved from a common ancestor.
A better method of establishing the relationships between these enzymes is an analysis of the active site configuration between the enzymes. It is, therefore, necessary to determine the crystal structure of enzyme-substrate complexes. The structure of a reduced complex of transaldolase with its substrate has already been reported, as well as the binding of dihydroxyacetone phosphate to rabbit muscle aldolase~Blom & Jia et al., 1997!. Gamblin et al. proposed in modeling studies of the substrate into the crystallographic structure that the phosphates were bound to basic side chains within the barrel~Gamblin et al., 1991!. The 1-phosphate site was composed of Arg148 and Lys146, while the 6-phosphate site was composed of Lys41, Arg42, and Arg303. These residues were chosen because of their positions relative to the Schiff's base forming lysine~229!, evidence from affinity labeling studies and suggestions from studies of the isozyme specific regions in the sequence~Hartman & Brown, 1978; Takahashi & Hori, 1992 !. The isozyme studies had suggested that the 6-phosphate region would be different for the A and B isozymes. The 6-phosphate site was, therefore, believed to involve Lys41, in the muscle aldolase that is changed to an asparagine in the liver isozyme.
Other studies have suggested that Lys107 was involved in phosphate binding, and this was supported by site-directed mutagenesis studies that implicated Lys146 in formation0cleavage of the carboncarbon bond, indicating that it could not be in close proximity to a phosphate group. The alternative phosphate binding sites are summarized by Gefflaut et al.~1995!.
The flexible C-terminal region has been implicated in the catalytic mechanism of the enzyme by site-directed mutagenesis, affinity labeling, and chimerical isozyme studies~Kochman & Dobryszycki, 1991; Takahashi & Hori, 1992 !. This region was not identified in the electron density for the first X-ray crystallographic structure, from rabbit muscle. The structure of human muscle FBP aldolase and that from D. melanogaster both have coordinates for this region~Gamblin et al., 1991; Hester et al., 1991!. There is a considerable difference between the two structures in this region. This may result from crystal packing, as this is a surface loop of the protein. The rabbit muscle enzyme crystals were shown to be catalytically active, but underwent a change in crystal arrangement during catalysis~Sygusch & Beaudry, 1984!. This was detected by a change in the space group of the crystal. It is possible that this results from the motion of this large flexible region during catalysis.
The X-ray crystallographic structure of human muscle aldolase has been re-examined using improved methods of refinement and map generation; in particular, refinement now uses the crystallographic free-R-factor. These methods reduce model bias and improve positioning of regions of the protein where there is a large degree of motion. This improved apo structure was then used to solve the structure of the enzyme complexed with fructose 1,6-bisphosphate to 2.8 Å resolution. These structures define unequivocally the substrate-binding site for FBP aldolase. This can then be used to investigate the relationship between the aldolase enzymes.
Results and discussion

Refinement of the apo-enzyme model
The high-resolution model was refined from an initial molecular replacement solution using the rabbit muscle aldolase coordinates as the search model. The residues beyond proline 344 were omitted in the rabbit muscle aldolase model, as this residue marks the lower boundary of the flexible C-terminal region. The later stages of refinement used maximum likelihood methods within the REFMAC program and so the calculated maps are of the form 2mfo-fc. It is, therefore, possible to contour these maps at lower sigma than usual. The maps for the C-terminal region generally show continuous density at 1s, but some side chains and regions near the break in the density could only be contoured at 0.5s. Even when the density was contoured at 0.5s, there was no connectivity in the density between residues 345 and 351, and so this region was omitted from the final model.
After manual rebuilding of the protein and associated waters, there were some regions where close contacts remained but where the density made it clear that there was either a water molecule or a strong side-chain-side-chain interaction. Some of the closely associated water molecules could be ammonium ions, as the crystals were grown in ammonium sulfate, but such a complete determination is not possible at this resolution.
The final structure contained 119 water molecules and had an R-factor of 17.2% with a free-R-factor of 25.8% for the data between 40 and 2.1 Å. There are no residues in either the disallowed regions of the Ramachandran plot or the generously allowed regions. A plot of B-factor against residue number is shown in Figure 1. The C-terminal region has particularly high B-factors, indicating that it is flexible and may undergo a conformational change on substrate binding.
The flexible C-terminal region
Changes from the previous model of the human muscle aldolase in the core region were minor, and mainly reflected a difference in the side-chain conformations. Differences were much larger for the C-terminal region, and the RMSD in the coordinates for these residues is given in Table 1 as well as the overall, overall sidechain, and overall main-chain deviations. The flexible C-terminal region from Pro344 to Tyr363 has not been found to be in such close proximity to the active site as had been previously proposed. The center of this region does have lower B-factors, indicating that Leu356 is involved in an interaction with the core of the protein, which defines the position of the flexible region. This residue is also highly conserved among the aldolase sequences, which suggests this hydrophobic interaction may be particularly important for enzyme activity, and that it is specific in nature.
The enzyme0substrate complex
Crystals of rabbit muscle aldolase remain catalytically active, and this fact has been used to produce a catalytic media by crosslinking micro-crystals with glutaraldehyde~Sobolev et al., 1994!. When the rabbit muscle crystals had been soaked with substrate, there was a change in space group, which, along with spectroscopic evidence, suggest that there are motions during catalysis~Sygusch & Beaudry, 1984; Kochman & Dobryszycki, 1991!. It was, therefore, expected that in the human muscle aldolase crystals soaked with FBP there would be an equilibrium between the substrate and products. The human muscle aldolase crystals grow in a different crystal form to the rabbit muscle enzyme. Density was clearly seen for the substrate from the initial difference map, indicating a high proportion of substrate bound to the enzyme in this crystal form.
The enzyme0substrate complex found in the crystal structure is shown in Figure 2~PDB accession code 4ald!. Due to the limits in the resolution and the almost symmetrical nature of the substrate, FBP was built into to the density in both potential orientations. The best fit of the planar carbonyl to the density during refinement determined the final orientation of the substrate in the model. The complex involves the hydrogen bonding of the phosphate groups to the enzyme and also the close proximity of Lys146 to the C2 carbonyl group. Glu187 is also hydrogen bonded to the C2-carbonyl group of the substrate. The orientation of the substrate within the complex is significantly different from that originally proposed in modeling studies by Gamblin et al., but is in good agreement with the binding of DHAP to rabbit muscle aldolasẽ Gamblin et al., 1991; Blom & Sygusch, 1997 !. This Michaelis complex shows the orientation of the phosphate groups and allows unambiguous determination of both phosphate binding sites. The 1-phosphate is associated with the main-chain nitrogens of Ser271 and Gly272. The interaction between two adjacent main-chain nitrogens indicates a strained conformation of the protein backbone at this position. Both of these amino acids are conserved throughout the type I aldolase sequences. A comparison of the phosphate binding sites of other a0b barrels has also shown these enzymes to contain a glycine-glycine or serine-glycine pairing of adjacent amino acids~Bork et al., 1995!. This analysis was for enzymes that bound heterocyclic phosphates such as FMN. In all of these enzymes, the phosphate-binding site is close to the C-terminal region of the protein between strand seven and helix eight. A serineglycine motif is present in the metal containing type II aldolases between strand seven and helix eight, suggesting that this is may be the phosphate-binding site~Cooper et al., 1996!.
The flexible C-terminal tail of the molecule is also defined in the complex structure, although it is at lower resolution, but its exact role in catalysis cannot be determined unequivocally from this complex structure, as it is not in close proximity to the substrate. The improved electron density and lower B-factors in the complex structure show that this region becomes less flexible on binding of the substrate. There is also some indication that the motion of this C-terminal region covers over the entrance to the active site. This could be to exclude solvent, or with a tighter association residues could be involved in catalysis itself, as suggested by site-directed mutagenesis and phosphorylation studies~Takahashi et al., 1989; Sygusch et al., 1990!. 
Comparison with mutagenesis studies
Site-directed mutagenesis, borohydride reduction, and affinity studies have been carried out on a number of residues about the active site. The results from these studies are summarized in Table 2 . The determination of the structure of the enzyme-substrate complex has suggested some different interpretations as to the function of the catalytic residues, not possible from the biochemical studies. The function of the two lysines, Lys229 and Lys107, had been unambiguously determined by the previous mechanistic studies. Lys229 has been determined to be the Schiff's base forming lysine, although the structure does not contain a Schiff's base. This E-nitrogen of the lysine is also in the proximity of Glu187. The glutamic acid may be involved in the deprotonation of the Schiff's base forming lysine, this residue is also in close proximity to the hydroxyl group on C3 of the sugar, and this would suggest that it is both important for orientating the lysine and stabilizing the charges during Schiff's base formation. Lys107 was correctly determined to form part of the 6-phosphate binding site.
Glu189, Lys146, and Arg148 all lie close to the cleavage point in the substrate. Lys146 has interactions with both the C3 and C4 carbons, as does Arg148. The lysine and the arginine had previously been incorrectly associated with the 1-phosphate binding site, providing a positively charged patch in the cleft to bind the negatively charged phosphate. Lys146 also has a close association with Asp33; this acidic residue is also aligned with the C5 hydroxyl group of the substrate. This would suggest that the interaction of the lysine with the substrate involves the deprotonated form. Glu189 has a similar role to that of Glu187 in an electrostatic association with the hydroxyl group on C3 of the sugar.
Arg303 is associated with the 1-phosphate binding site and also with Leu356. These interactions are hydrophobic in nature and not dependent on the terminal nitrogen groups. The interaction with Leu356 seems to play an important role in positioning the flexible C-terminal loop during catalysis. Finally, Tyr363 and His361 seem to have no clear interaction with the substrate. It is possible that this tail region is involved in burying the substrate in a more hydrophobic environment as the tyrosine is directed toward the 6-phosphate group. It is also possible that this region may be involved in some other part of the catalytic mechanism; the cleavage of the furanose ring is a possibility, as this has already occurred before formation of this particular complex~Rose & O'Connell, 1977!. base-forming enzymes, and so an alignment can be made by superimposing the Schiff's base forming lysines. The resulting alignment gives different relative positions of the catalytic amino acids within the fold of the enzyme. It was proposed that this was a result of a cyclic permutation of the gene. An alignment of the two alpha0beta barrels was also possible based on a sequential alignment of the fold. In this case there was less sequence identity in the resulting alignment the Schiff's base-forming lysine was aligned to another lysine, Lys146 in FBP aldolase. Comparison of the enzymesubstrate complexes for both enzymes can now be made and the proposed mechanisms compared. An alignment of the principal amino acids involved in catalysis from FBP aldolase and transaldolase based on alignments of the Schiff's base-forming lysines, compared with the amino acids assigned catalytic function in the initial FBP aldolase mechanism is given in Table 3 .
Comparison of the FBP aldolase and transaldolase mechanisms
From the structure of the FBP aldolase complex, Glu187 is also involved in interactions with the substrate and is clearly involved in catalysis. The function of Asp33 is less clear. It is not within hydrogen bonding distance of FBP, but does make contacts with Lys107 and Lys146. Lys107 is also involved with binding the 6-phosphate group, and so these interactions may delocalize the charges from the phosphate group.
Lys146 has been shown to form a Schiff's base with sterically hindered substrates~Blonski et al., 1997!, and also in the case of paracatalytic inactivation using borohydride reduction~Gupta et al., 1993!. This increases the ambiguity of the structural alignment of the two enzymes as there are now two potential Schiff's base lysines in FBP aldolase that could be aligned. Lys146 has been associated with the deprotonation the Schiff's base forming lysine~Lys229! under normal reaction conditions. The alignment with transaldolase suggests this need not be the case.
The evolutionary relationships between the alpha0beta barrel aldolase enzymes are complex and subtle, and require a more detailed elucidation of the catalytic mechanism than is currently possible.
Materials and methods
Crystallization
Crystals of human muscle aldolase were grown by "hanging" droplet vapor diffusion method using conditions described previously by Millar et al.~1981!. Crystals were harvested in mother liquor containing 70% ammonium sulfate in imidazole buffer pH 6.0. Substrate soaks were carried out by the addition of fructose 1,6-bisphosphate to a final concentration of 100 mM and left for several days. These crystals were isomorphous to those of the native enzyme.
Data collection
Both native and substrate soak datasets were collected at the Hamburg Synchrotron on beamline X31 at room temperature. The data were processed using MOSFLM for the high-resolution data set and DENZO for the substrate complex dataset~Leslie, 1992; Otwinowski & Minor, 1997!. The statistics for the datasets and their refinement are given in Table 4 .
Refinement of the apo-enzyme model
The model of the apo-enzyme was rebuilt using the free-R-factor as an improved criterion for refinement~Brünger, 1993!. For this to be valid, and for the free-R value not to be affected by previous refinement cycles, it was necessary to begin the refinement from the original molecular replacement solution using the rabbit muscle enzyme as the search model. In this case the solution of the molecular replacement problem is trivial, because of the very high identity between the two enzymes~there are only four amino acid differences in the structurally conserved core region!. At this resolution it was also possible to build waters into the density. These were added automatically using ARP~Lamzin & Wilson, 1993 !. An analysis of the close contacts was used to remove erroneous waters interactively using "O"~Jones et al., 1991!. The principal method of refinement was least-squares refinement using the PROLSQ program within the CCP4 suite of programs CCP4, 1994!. As an attempt to improve the poor region of density between residues 345 and 351 an XPLOR simulated annealing simulation was performed with a 15 Å sphere about this region being omitted~Brünger, 1992!. There was, however, no improvement in the density for this disordered region, and the atoms for this region were given zero occupancy in the final model~they were retained for modeling purposes!. Maximum likelihood methods were used for the final stages of refinement within the REF-MAC program~Murshudov et al., 1997!. Free-R-factor was used throughout as a measure of the progress of the refinement. For the free-R-factor, 5% of the data had been selected across all resolution ranges. Atomic B-factors were refined isotropically as at this resolution anisotropic refinement is not possible.
Refinement of the enzyme-substrate complex
Difference Fourier maps were calculated using REFMAC, with the calculated phases and amplitudes from the refined high-resolution model and the experimental amplitudes from the substrate soaked crystals. In the initial difference map, density was clearly visible for the substrate, and one of the phosphate sites could be clearly identified. Subsequent refinement also used REFMAC, and the model was rebuilt using "O." B-factors were refined per residue due to the limited resolution of the data and the free-R-factor calculated using 5% of the data.
The REFMAC restraints for the substrate were determined from a modeled set of coordinates for the substrate created using the InsightII molecular modeling package~Insight User Guide, 1992!. This was necessary because the existing crystallographic structures all contained fructose 1,6-bisphosphate in a cyclic form, and in this structure the furanose ring has been cleaved. A dictionary for the substrate was created using the MAKEDICT program~P.R. Evans, pers. comm.!. At this resolution it is not possible to reliably build waters, and so the waters were omitted from the enzyme-substrate model. Strict stereochemical restraints were used during the refinement, as if these were relaxed the free-R-factor rose. The resulting substrate geometry agreed well with the density, such that the planar carbon of the sugar can be clearly identified.
The density for the disordered region of the structure was much clearer than in the apo-enzyme structure, and no atoms were omitted from the final set of coordinates.
